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Abstract— This paper proposes a control strategy capable of
reducing the vibration while keeping a low torque ripple for a
switched reluctance machine (SRM). The aim is to minimize the
variation of the radial force and to optimize the torque control
parameters. At first, the torque ripple reduction method is
introduced, for which an off-line optimization of control
parameters is adopted. Then, the vibration reduction is achieved
by Direct Force Control (DFC), whose purpose is to reduce the
variation of the sum of radial forces. However, in order to cope
with the drawback of DFC that amplifies the torque ripple, a
reference current adapter is proposed based on the limitation of
torque and radial force variations. The reference current adapter
produces an auto-tuning reference current that achieves a
tradeoff between torque ripple and vibration. Finally, simulation
results are presented to validate the effectiveness of the proposed
control method under different operating points.

Keywords—direct force control; radial force; switched
reluctance machine (SRM); vibration reduction

I. INTRODUCTION

The inherent advantages such as high robustness, low cost
and high start torque have made switched reluctance machine
(SRM) a strong candidate for electric vehicle applications.
However, the doubly salient structure and highly non-linear
magnetic field lead to serious vibration and noise problems,
which have constrained deeply the application of SRM. The
main cause of vibration and acoustic noise is considered to be
the electromagnetic force between the stator and rotor poles
[1]. In the literature, different approaches are proposed to solve
this problem, which can be mainly divided into two categories:
geometry optimization [2]-[4] from the aspect of mechanical /
structural improvement and (semi-active/active) control
strategies.

Among the control approaches, several strategies have been
considered such as current shape optimization based on
artificial neural networks [5], two-stage [6] or three-stage
commutation methods [7] able to reduce the vibration at the
dominant natural frequency or control methods based on a
limited change rate of current during the turn-off [8]-[11]. An
alternative method for vibration reduction is the semi-
active/active control based on piezoelectric (PZT) actuators
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[12]-[15], where the number and the placement of actuators is
optimized by genetic algorithms in order to reduce vibration.

In addition, several studies have been proposed to control
the radial force directly. Moreover, researches in [16]-[18]
point out that the variation of the radial force has a large impact
on the vibration performance, which inspired the development
of control methods aiming to obtain a smooth radial force. In
[16], this objective is achieved by adopting the direct
instantaneous force control (DIFC), along with a predictive
controller used to compute the duty ratio of the PWM (Pulse-
Width Modulation). Moreover, the average toque control
method is applied to ensure the required mean torque. In [17]
[18], the wvariation of the sum of radial forces has been
minimized using a current profile control method; however, the
methods are only suitable for three-phase SRM.

In this paper, a novel control method is proposed to reduce
the vibration of a SRM by handling the torque ripple at the
same time. The structure of the paper is the following: the
principle of the proposed control strategy is introduced in
Section II and it consists of four parts: i) the torque ripple
minimization control; ii) the direct radial force control, used to
obtain a smooth overall radial force in order to improve the
vibratory behavior; iii) the torque and radial force coupling,
which aims to acquire the relationship between the equivalent
torque and radial force; iv) the reference current adaptor, used
to provide an adaptive reference current to balance the gap
between torque ripple minimization and vibration reduction. In
Section III, simulation results are provided using a 8/6 poles
SRM.

II. PRINCIPLE OF CONTROL STRATEGY

A. Torque Ripple Minimization Control

The main control strategy for a 8/6 poles SRM is the torque
ripple minimization control (TMC), which is based on
optimized control parameters: reference current /../*, turn on
angle y and conduction angle 6, whose definitions are
presented in Fig. 1. This control strategy combines the PWM-
based current-loop PI control with the switching angle signal as
shown in Fig. 2. A look-up table stores the optimized control
parameters, for which a minimum torque ripple is obtained for
different operating points [19]. Thus, using the reference
torque and actual rotor speed as inputs, the control parameters
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Fig. 1. Definition of control parameters.

Fig. 2. Structure of optimal torque control.
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Fig. 3. Control scheme of DFC strategy.

L*, w and 6, are constantly updated. Then, the error between
the reference current /,+* and the phase current / is used by the
PWM-based current control to compute a variable duty ratio
such that the phase current tracks the reference value

B. . Direct Force Control

The direct force control (DFC) is a method based on direct
instantaneous torque control [20], whose aim is to obtain a
smooth overall radial force by controlling the converter
switches so that the sum of radial forces generated in the stator
phases can reach a desired value F,.. The control scheme of
the SRM based on DFC is illustrated in Fig. 3.

The switching signals of the power converter are generated
by the DFC block in order to reduce AF, defined as the
difference between the desired radial force F.r and the actual
sum of the radial forces Fi of each phase. Therefore, the direct
force controller computes digital control signals that are further
applied to the converter of the SRM. In this study, a traditional
asymmetric half-bridge converter is adopted for the four-phase
8/6 SRM. Based on the states of two controllable switches and
two diodes, each phase of the converter has three different
operating modes in which it can provide positive, zero or
negative terminal voltage to a SRM phase winding. Fig. 4
represents only one phase of the four-phase asymmetric half-
bridge converter and its operating modes, where U is the power
supply voltage, and TABLE 1. gives the operating modes of
this converter.

Radial Force Profile
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Fig. 4. One phase of the asymmetric half-bridge converte.

TABLE L OPERATING MODES OF CONVERTER
. Applied phase
Operating mode K K, voltage
5=1 on on U
(magnetized phase)
§=0
(freewheeling phase) onloff | offlon 0
S=-1
(demagnetized phase) off off v

The DFC consists of double-band hysteresis-controllers
that compute the switching signals for each phase of the
machine. The advantage of using a double-band hysteresis
control is a higher bandwidth which leads to a smoother total
radial force and a lower switching frequency. The control
process is divided into two control modes as shown in Fig. 5



and the switching rules of the hysteresis-controller are
depicted in Fig. 6. The outer and inner hysteresis bands are
defined within the intervals [~AFua, AFmax] and [~AFuin,
AF,.in). Taking phases A, B and D for example, the first control
mode is defined by two adjacent phases excited at the same
time (periods I and IIT in Fig. 5). In this case, the switching
states S of the outgoing phase (phase D, period I or phase A,
period IIT) and the incoming phase (phase A, period I or phase
B, period III) follow the rules in Fig. 6 (c) and Fig. 6 (a),
respectively. The second control mode is described as a mode
where a single phase is exited (phase A, period II) following
the rules in Fig. 6 (b). When the second mode is active, the
total radial force Fj is adjusted by controlling only the excited
phase, whereas during the first mode, the DFC is carried out by
regulating both of the excited phases.
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Fig. 6. Diagram of double-band hysteresis controllers.

Considering that the first control mode (period I and III) is
active, when the control input AF is smaller than the lower
bound —AF. of the outer hysteresis band, phase D is

demagnetized (S = —1) and phase A keeps freewheeling (S = 0).

As a result, AF increases up to zero, which triggers phase D to
switch to freewheeling. While AF keeps increasing, the
switches of phase A turns on when AF reaches the upper bound
AF,.i, of the inner band, and phase D is magnetized once AF
exceeds the upper limitation AF,... With the excitation of both
phase A and phase D, AF starts to decrease. Thus, when AF =
0, phase D switches into freewheeling and so is phase A when

AF < —AF . If the sum of radial forces keeps increasing until
AF < —AF 4, phase D is demagnetized. With these commands
above, the variation of the sum radial force can be reduced
during the commutation period I and III.

During the second control mode (period II), only phase A is
excited, phase D has been turned off. Supposing that the total
radial force Fyis smaller than the reference value F,;, and that
AF goes beyond the upper bound AFi, phase A is magnetized
until AF < —AF,i» when phase A switches into freewheeling. If
AF keeps decreasing to —AF.., the phase A switches turn off
to prevent the overall radial force increasing further. By
demagnetizing phase A, the total radial force begins to
decrease and phase A switches to freewheeling as soon as AF
>—AF,.in .Finally, phase A is magnetized once AF exceeds the
inner limitation AF .

C. Coupling between the Torque and Radial Force

According to Fig. 2, the overall torque reference is required
to implement the optimal torque control (TMC). On the other
hand, DFC demands the reference value of the total radial force
that should be generated to decrease vibration. However, as
only one reference signal is provided by the speed controller of
the machine, a relationship between reference torque and
reference radial force is necessary. In this paper, a static
characteristics is obtained that allows to obtain the equivalent
mean radial force value based on the equivalent mean torque
value.
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Fig. 7. Torque profile.
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It is well-known that the torque and radial force profiles for
the SRM present a highly nonlinear behavior which is related
to the phase current and rotor position (as shown in Fig. 7 and
Fig. 8). Based on these profiles, the equivalent mean values of



both torque and radial force during a half electrical period can
be calculated, for each current, with the following expressions:

T, =lj”T(1,9)d9 (1)
T 0

I=const

F, = 1 ["Fu.6)a0 )
T 0

I=const

Therefore, the relationship between the mean torque and
radial force is obtained as illustrated in Fig. 9. Based on this
static characteristics, the reference torque and reference radial
force are estimated simultaneously for different constant
currents.
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Fig. 9. Static characteristics between the overall torque and the total radial
force.

D. Reference Current Adapter

The purpose of a reference current adapter is to manage the
tradeoff between two control objectives, torque ripple
minimization and vibration reduction, by updating the current
reference used for current control. The value of the current
reference is constantly adapted based on the variations of the
torque and radial forces within an electrical period, noted or
and or respectively. These values are calculated using the
following expressions:

op = \/J.OR (T(-T,,)dt/(T,,T) 3)

O = \/ |, FO=F,ydt/(F,T) @)

where, 7(¢), F(¢) are the transient total torque and radial force,
respectively; Tuv, Fave are the mean values of the total torque
and radial force during one electrical period, respectively; T.is
the cycle time of one electrical period.

The structure of the reference current adapter is illustrated
in Fig. 10. The [.[k] is the output of the reference current
adapter for temporary time k. Firstly, at each sampling instant,

or and orare determined and compared to constants 7 and er in
order to compute the intermediate current reference l...[k] as
follows:

I [kl=1_ [k-1], )

new new

{Iw[k]=1 [k—11+Al, when 0, > &,

wheno, <é¢,

I [k]=1_[k-1], ©)

new new

1. [k1=1,,[k-1]1-Al, wheno, > ¢,
when o, <¢g,

where, Lew[k] and L [k—1] are the intermediate current
reference values at time & and k—1, in which the Zl..[k—1]=
Lefk—1], the I{k—1] is the value of the reference current
adapter output for time -/ ; &7 and 7 are upper limits for the
variations of radial force and torque. These upper bounds are
chosen by the user to weight the two control objectives. Al is a
constant value. In this paper, er = 0.45, er = 0.25, Al = 1,
where the values of ¢r and 7 are the maximum value obtained
from DFC and TMC, respectively.
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Fig. 10. Structure of the proposed reference current adapter.

It should be noted that the condition from (6) is checked
only if the radial force variation does not exceed the upper
limit er. If both variations of torque and radial force are inside
their allowed range, the intermediate current reference l.w[k] is
compared with the current reference signal 7./*[k]. The
reference current ../*[k] is obtained from the optimized look-
up table to ensure the speed-up of the machine so that the the
machine speed is increased faster than by using directly the
value Ilw[k]. Finally, the output of the reference current
adapter is equal to the maximum between [,./*[k] and Lnew[k] .

The block diagram of the closed-loop SRM system
combining the TMC, DFC and the auto-tuning reference
current adapter, is illustrated in Fig. 11. The torque reference
Ter is computed by the speed controller and used first to select
the optimal control parameters 7./, y and 6, from the look-up
table and, secondly, to determine the reference radial force
based on the static radial force-torque characteristics. Then, the
reference current l../* generated by the look-up table is
compared to the one computed by the reference current adapter
to obtain a new current reference I.r. Since the reference
current adapter produces a new current reference I.; the
reference torque 7,.will be temporarily quite different from
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the desired one in the TMC. Finally, the switching signals
from the current controller, angle position controller and
DFC are combined together with a logic AND, then sent to
the converter to the control the switches.

III. SIMULATION RESULTS

To verify the ability of the proposed control method to
reduce vibration, simulations are carried out in Matlab-
Simulink. A vibration criterion is adopted to evaluate the
performance of the control method in terms of vibration
reduction based on the fact that the total energy W gives a
quantity related to the vibration behavior of all spectrum (all
audible
corresponding total energy W deduced from the energy
spectral density as follows:

Sinax
-]

0

where, a(f) is the value of the acceleration FFT at the
frequency f; a*(f) is the complex conjugate of a(f).

The vibration acceleration and the total torque obtained
by applying TMC and proposed control strategies are
compared in Fig. 12. According to simulation results, at a
speed of 600 rpm and a load torque of 3N.m, the acceleration
vibration is reduced without deteriorating the torque ripple
and the total vibration energy is improved by 57.7%.
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Fig. 12. Simualtion results at n = 600 rpm and 7 = 3 N.m, obtained using
TMC (dash-dotted curve in (a) (c)) and proposed method (solid curve
in (a) (c)).

To verify the effectiveness of the proposed control
method, different torque loads and speeds are tested in
simulation and the results are shown in TABLE II and
TABLE III. It should be noted that all these results are
obtained when the machine reaches the requested reference
speed. According to TABLE 11, it can be concluded that the
proposed method captures the advantages of both control
approaches (TMC, DFC) and vibration reduction is achieved
while keeping the torque ripple in an admissible range. For
the considered 8/6 poles SRM, the total energy of the
acceleration is reduced up to 75% at low speed and low load
torque (at a speed of 300 rpm and a load torque of 3N.m),
compared to TMC approach. Meanwhile, the torque ripple
(the torque ripple definition is Y = (Tmax— Tmin)/ Tavg, With Ty



and Tyin the maximum and minimum torque in one electrical
period, respectively) obtained using the proposed method is
limited to 0.8 for the considered operating points. Moreover,
at high speed, the torque ripple at some operating points is
even improved (the maximum improvement is at a speed of
1200 rpm and a load torque of 12N.m).

TABLE IL TOTAL ENERGY OF ACCELERATION FOR DIFFERENT
OPERATING POINTS

Proposed Vibration
™C Method Improvement
n=300rpm,7;=3N.m 537 134 75%
n=300rpm,7;=6N.m 1066 670 37.1%
n=300rpm,7;=9N.m 1190 1099 7.6%
n=300rpm,7;=12N.m 967 893 7.7%
n=600rpm,7;=3N.m 874 370 57.7%
n=600rpm,7;=6N.m 808 744 7.9%
n=600rpm,7;=9N.m 847 510 39.8%
n=600rpm,7;=12N.m 773 331 57.2%
n=1200rpm,7;=3N.m 1022 315 69.2%
n=1200rpm,7;=6N.m 1795 870 51.5%
n=1200rpm,7;=9N.m 2345 848 63.8%
n=1200rpm,7;=12N.m 3197 2090 34.6%
TABLE IIL TORQUE RIPPLE FOR DIFFERENT OPERATING POINTS
Proposed Torque ripple
™C Method Difference
n=300rpm,7;=3N.m 0.278 0.523 +0.245
n=300rpm,7;=6N.m 0.243 0.243 0
n=300rpm,7;=9N.m 0.194 0.215 +0.021
n=300rpm,7;=12N.m 0.167 0.291 +0.124
n=600rpm,7;=3N.m 0.295 0.291 -0.004
n=600rpm,7;=6N.m 0.248 0.234 -0.014
n=600rpm,7;=9N.m 0.229 0.311 +0.082
n=600rpm,7;=12N.m 0.201 0.503 +0.302
n=1200rpm,7;=3N.m 0.533 0.526 -0.007
n=1200rpm,7;=6N.m 0.769 0.794 +0.025
n=1200rpm,7;=9N.m 0.761 0.749 -0.012
n=1200rpm,7;=12N.m | 0.736 0.679 -0.057
CONCLUSION

In this paper, a control method regarding the torque
ripple and vibration problem of the SRM is proposed. At
first, an off-line optimal torque ripple control is introduced,
which consists in optimizing the reference current 7./*, turn
on angle y and conduction angle 8, in order to minimize the
torque ripple. Then, DFC method is presented as a solution
for vibration reduction based on the limitation of the
variation of the overall radial force. Moreover, the
relationship between the equivalent radial force and torque is
obtained which allows to combine DFC with TMC strategy.
To handle the compromise between torque ripple
minimization and vibration reduction, a reference current
adapter is proposed. Furthermore, a criterion is put forward
to assess the torque and radial force variation in order to
obtain an auto-tuning current reference. Finally, the
simulation results of the proposed control method are
compared with TMC, showing that the vibration energy can
be reduced up to 75% without further penalizing the torque
ripple, proving the potential of the proposed method. The
experimental validation is a work in progress.
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